Human autosomal dominant polycystic kidney disease (ADPKD) is a high incidence disorder, leading to renal failure in many patients. The majority of cases results from a mutation in the PKD1 gene. The only well documented animal model of ADPKD is the Han:SPRD-Pkd strain. Its genetic basis is unknown as yet. In the current study we determined whether the disease in these rats is genetically linked to the rat homologue of the PKD1 gene. We used the protamine gene as a polymorphic marker IPrml! of the PKD1 region. Matings of Han:SPRDPkd with BB rats and backcross of the offspring with BB yielded animals informative for linkage analysis. This analysis revealed random segregation of the defect and the Prml marker, indicating that the model is not caused by a mutation in the PKD1 gene. We conclude that the Han:SPRD-Pkd rat strain is not a genetic model of PKDl.
Human polycystic kidney disease (PKD) is one of the most common inherited disorders (Welling 1996) . Two subtypes can be recognized: autosomal dominant PKD (ADPKD) typically presenting during adult life and autosomal recessive PKD (ARPKDlleading to renal failure, either prenatally or during early childhood. These subtypes are distinct in terms of clinical presentation, histopathology and pattern of inheritance. ADPKD has an incidence of 1 in 1000 and gives rise to considerable morbidity. The major feature of the disease is cystic enlargement of the renal tubules leading to destruction of the normal renal architecture, typically resulting in end
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Recent studies in affected families explored the genetic basis of ADPKD. Locus heterogeneity has been established with at least two genes that can cause the disease independently. The locus involved in 85% of the families with ADPKD (now called PKD1! has been linked to the tip of the short arm of chromosome 161Reeders et al. 1985) . Most of the remaining cases of ADPKD have been linked to a locus on chromosome 4 IPKD2) (Kimberling et al. 1993, Peters et al. 19931 .In addition, families have been reported in which the mutation must have occurred in a third gene which has not been localized as yet (Daoust et al. 1995) . The PKD1 gene has been identified by the European Polycystic Kidney Disease Consortium (1994) . This group analysed a chromosomal translocation associated with ADPKD that disrupts a gene encoding a 14 kb transcript in the PKD1 candidate region. Mutation analysis in PKD1 patients confirmed that the gene involved is the PKD 1 gene. Recently full length genomic and cDNA sequences of this gene have been published (International Polycystic Kidney Disease Consortium 1995 , Hughes et al. 1995 . The gene product, polycystin, is predicted to be an integral membrane protein with several extracellular domains. These domains are suggested to be involved in protein-protein interactions or protein-carbohydrate interactions. Polycystin may therefore playa role in cell-cell and cellmatrix communications (American PKDl Consortium 1995) .
The study of genetically transmitted PKD in animal models has the potential of identifying specific cystogenic gene products as well as biological and environmental factors that modulate the formation and progressive enlargement of the cysts. Genetically-transmitted renal cystic diseases have been described in mouse rat rabbit cat
dog, antelope and pig (Avner et al. 1990 , Nauta et al. 1993 , Aziz 1995 . The Han:SPRD-Pkd rat strain described by Kaspareit-Rittinghausen and subsequently in more detail by others is the best documented animal model of inherited PKD with an autosomal dominant inheritance pattern, resembling several features of the human disease (Kaspareit-Rittinghausen et al. 1991 , Gretz 1992 , Cowley et al. 1993 . This model has been used to study the cystogenic process as well as the progressive nature of renal cystic diseases , Schafer et al. 1994 , Torres et al. 1994 , Zeier et al. 1994 , Cowley et al. 1996 . . In contrast to the detailed documentation of the Han:SPRD-Pkd phenotype no information is available as yet on the genotype of this rat model of PKD. We wondered whether the disease in these rats results from a mutation in the PKD 1 gene. This gene is involved in most human cases of ADPKD and is conserved in rodents [European PKD Consortium 1994) . Here we report a linkage analysis of the disease with the PKDl region using the protamine gene Prml as a genetic marker. According to recent reports this Nauta et al. polymorphic gene is located near the PKD 1 gene in humans as well as in rats (Yeung et al. 1993 , 1994 , Kobayashi et al. 1995 .
Materials and methods

Animals and breeding programme
Han:SPRD-Pkd rats heterozygous for the PKD mutation were kindly provided by Dr F. Deerberg in Hannover. A breeding colony was established and maintained for five generations using brother-sister matings. Animals homozygous for the disease die at 3 weeks of age and can be identified by. physical examination 1 to 2 weeks after birth. Heterozygotes are detected either retrospectively when transmitting PKD or at postmortem by renal histology.
The polymorphic Prmllocus was selected as a genetic marker linked to the PKD 1 gene. This Prmllocus exhibits a diallelic 'restriction fragment length polymorphism' (RFLPI. Southern blots of EcoRl digested genomic rat DNA were hybridized with a Prml cDNA probe. This revealed two different DNA fragments, sized approximately 9 and 12 kb. All rats of our Han:SPRD-Pkd colony are homozygous for the 12kb allele (see results). In order to obtain information with respect to the Prml RFLP, a crossbreeding programme was set up using a Han:SPRD-Pkd male known to be heterozygous for PKD and two female BB rats and backcross of the offspring with BB (Yeung et al. 1993) . BB rats are maintained at our institution as an inbred colony and were kindly provided by Dr H. A. Drexhage, Department of Immunology, Erasmus University. This strain was selected for the crossbreeding experiments because it proved to be homozygous for the 9 kb allele (see resultsl. Backcross of nine females with BB males ((BBx SPRD-Pkd)F1 x BB)yielded informative N2 offspring being either unaffected or heterozygously affected by the d~sease causing mutation. The offspring was kIlled at 3 weeks of age for DNA isolation and histological determination of heterozygosity.
DNA isolation
Genomic DNA was isolated from spleen using the simplified mammalian DNA isolation procedure according to Laird et al. (1991) .DNA was digested overnight with the restriction enzyme EcoRl at 37°C, separated on a 0.7% agarose gel and blotted overnight to Hybond-N+ (Amersham) in 10 x SSe. Southern blots were hybridized with a 32p_ labeled mouse cDNA Prml probe (kindly provided by Dr R. Yeung, Fox Chase Cancer Center, Philadelphia), overnight at 55°C in 10 x Denhardts, 10% dextran sulfate, 3 x SSC, 0.1% SDS, 5 tlg/ml salmon sperm DNA. Blots were briefly washed twice in 3 x SSC, 0.1% SDS at room temperature, followed by 20 min at 60°C in 0.3 x SSC, 0.1% SDS. The signal was detected using a phosphor imager.
Statistics
Linkage was tested using both Chi-squared and lod score analysis using the MLINK program of the LINKAGEpackage (Lathrop et al. 1984) .
Results
Southern blot analysis of EcoRl digested genomic DNA samples of Han:SPRD-Pkd rats, using Prml as a probe revealed homozygosity for the 12 kb allele in all tested animals. To obtain an informative situation for the Prml RFLP, other rat strains were analysed. The inbred strain of BBrats showed homozygosity for the 9 kb fragment. Therefore this strain was selected to set up a cross 243 with Han:SPRD-Pkd. Nine female crosses of BBx Han:SPRD-Pkd (F1)were back crossed to BBresulting in an N2 in which six out of nine litters included offspring with cystic kidneys (heterozygotes) as detected by histology at 3 weeks of age (Fig 11. The remaining three unaffected litters consisted of at least 10 animals each. Four of the pairs that produced affected litters had a second N2 litter. Within the total of 10 affected litters PKD could be demonstrated in 22 of 60 female and 29 of 67 male animals. The cysts were histologically similar to the lesions in Han:SPRD-Pkd rats. Samples from 42 cystic animals were used for DNA analysis. Given the previously established tight linkage (3.9% recombination) between Prml and the Eker mutation, located adjacent to the rat homologue for PKD1, it was to be expected that of the cystic animals (heterozygous for the PKD mutation) a majority of approximately 96.1% would be heterozygous at the Prml locus and that only 3.9% would be homozygous for the 9 kb Prml allele as a consequence of a recombination between the disease locus and the Prml polymorphism (Yeung et al. 1993 ). In our experiments we observed however that 23 out of 42 affected rats were homozygous for the 9 kb allele (Fig  2, Table 11 .A Chi-squared test against the expected proportion of recombinants yielded significant evidence against such tight linkage (X 2 =298.4, P< 10-6 ). Lod score analysis also provided strong evidence against linkage. A region of 36 cM on either side of the Prmllocus can be excluded as location for the PKD locus in the Han:SPRD-Pkd rat. (Yeung et a1. 1993) . The genetic distance between the Prml gene and the Eker mutation was estimated to be 3.9 eM. The Eker mutation has recently been located within the rat homoloque (Tsc2) of the human tuberous sclerosis 2 (TSC2) gene (Yeung et a1. 1994) . As in humans (European PKD Consortium 1994)}the rat Tsc2 gene has been localized adjacent to the PKD1 gene in a tailto-tail orientation (Kobayashi et a1. 1995) . The intergenic distance between these two genes is very smalllapproximately 60 bpI and highly conserved between human and rodents (Olsson et a1. 1996) . This indicates that the genetic distance between Prml and the rat homologue of PKD1 equals the 3.9 cM distance between Prml and Eker.
Our results suggest incomplete penetrance of PKD in young pups of the crosses. In 10 affected litters we observed renal cystic disease in only 51 of 127 pups. This is less than the 50% predicted by a Mendelian pattern of inheritance, suggesting that not all mutants express the cystic phenotype at this age. Incomplete penetrance indicates heterogeneity of disease expression and suggests the involvement of genetic or environmental factors modifying the expression of disease in addition to the primary genetic defect. Whether this pattern of incomplete penetrance matches a similar pattern of disease expression in the original Han:SPRD-Pkd mutants cannot be established since no systematic studies of heterozygous young Han:SPRD-Pkd rats have been reported. We note that a variable expression of disease would not affect the outcome of the current linkage analysis because this analysis was restricted to phenotypically proven heterozygotes only.
In contrast to reports on Han:SPRD-Pkd rats} our study of the BBx Han:SPRD-Pkd cross did not reveal a sex effect. Young male and female animals from the cross were equally affected. In adult Han:SPRD-Pkd rats} however} cystic males develop renal failure} while female animals with renal cysts maintain a normal renal function. Studies of a sex effect in young Han:SPRD- 
Discussion
This study indicates that the Han:SPRD-Pkd strain is not a genetic model of PKDl. This is concluded from the absence of genetic linkage of the SPRD-Pkd mutation with the Prml gene. Consistent with previous reports Prml was found to be a diallelic genetic marker expressing DNA fragments with an estimated size of 9 and 12 kb respectively (Yeung et a1. 1993 Guay-Woodford et al. 1996) . Our observation questions the value of the Han:SPRD-Pkd strain as a model of human disease. The affected gene in these rats is different from the gene affected in most human patients with ADPKD: the PKD1 gene. Nevertheless we still consider the Han:SPRD-Pkd rat a valuable model of inherited renal cystformation, because this model may still serve the study of genetical, pathophysiological as well as clinical aspects of human cystic disease states.
Han:SPRD-Pkd may still be considered a candidate for the genetic homologue of one of the non-PKD1 types of human renal cystic diseases (Welling et al. 1996) . These include ADPKD type 2 localized on chromosome 4 (Kimberling et al. 1993 , Peters et al. 1993 , ARPKD localized on chromosome 6p21 [Zerres et al. 1994) , medullary cystic disease and nephronophtisis localized on chromosome 2p (Antignac et al. 1993) . Linkage analysis of the rat model with loci thought to be involved in these human diseases awaits the definition of appropriate genetic markers in the rat.
In addition Han:SPRD-Pkd rat is still considered one of the best animal models available for physiological, nutritional and biomedical research of PKD. Its phenotypical similarities with human disease states made it the subject of a number of clinical, experimental and pathophysiological studies. Such studies suggest that different forms of human and experimental renal cysts share common pathways regarding both pathophysiology and clinical expression. Pathophysiological phenomena observed in both 245 human PKD and Han:SPRD-Pkd include the involvement of all nephronsegments, the proliferation of cyst lining epithelial cells (Grantham et al. 1987 , Kaspareit-Rittinghausen et al. 1991 )-associated with increased proto-oncogen expression as was shown in the rat model (Cowley et al. 19931 , thickened and multilaminated basement membrane abnormalities in areas of cellular immaturity [Cowley et al. 1993 , Wilson et al. 1991 and sex-dependent differences in clinical and histological severity of the disease indicating that other factors can alter the expression of the primary genetic defect in PKD (Cowley et al. 1993) . Clinical similarities of human ADPKD and Han:SPRD-Pkd include (Kaspareit-Rittinghausen et al. 1991) the mode of inheritance, the slow progression to end stage renal failure in heterozygotes, the presence of proteinuria and hypertension during the progression of disease, as well as the phenomena associated with renal failure including anaemia, renal osteodystrophy and hypercholes terolaemia.
We conclude that the Han:SPRD-Pkd rat is not a genetic model of ADPKD type 1. Nevertheless this rat strain is still considered to be a valuable animal model of human PKD and chronic renal failure.
